INTRODUCTION
A major life-limiting phenomenon of electric thrusters is the sputter erosion of discharge chamber components. Thrusters for space propulsion are required to operate for extended periods of time. usually in excess of 10 000 hr. Lengthy and very costly life tests in high vacuum facilities have been required in the past to determine the erosion rates of thruster components. Alternative methods for determining erosion rates which can be performed in relatively short periods of time and at considerably lower costs are. therefore. highly desirable.
This paper presents an attempt to relate the optical emission intensity from an ion bombarded surface (screen grid) to the sputtering rate of that surface. Several methods have been tried and tested. One consists of attaching a "badge" consisting of alternate layers of very thin metal layers to the sputtered surface (ref. 1) . Such a technique has not always yielded results which agreed with long term life tests (ref. 2) . Another technique would be to apply absorption spectroscopy to the life-time determination. Emission spectroscopy was applied by Wehner about 20 yr ago in an attempt to measure relative sputtering rates of various target materials by inert gas ions at low energies (ref. 3) . The ion thruster plasma. however. represents a much more complicated system than the experimental arrangement of ~ehner.
First, the thruster discharge plasma was characterized in regard to the equilibrium conditions and optical depth of the plasma. The lack of thermal equilibrium complicates the understanding of the plasma as well as the formulation of the model. The determination of the optical depth of the plasma determines if any radiation is absorbed within the plasma.
This work uses a steady state kinetic model to infer the population dynamics of the sputtered molybdenum "impurity" atoms in an ion thruster pl~sma. lhis approach requires a knowledge of basic plasma parameters as well as spectroscopic emission data of the important molybdenum atomic transitions. A total molybdenum atom population can be found. which can be related to the sputtering rate of the molybdenum surface. using known relationships. The model formulated was compared to measured relative spectroscopic intensities from an 8-and 30-cm Hg ion thrusters. For a more complete treatment of this study see reference 3.
CHARACTERIZATION OF ION THRUSTER PLASMAS
The parameters. which are of primary importance in characterizing the properties of a plasma are its electron temperature and electron density. In many plasmas. the energy distribution of the electrons is sufficiently close to a Maxwellian form so that a meaningful temperature can be assigned to the electrons; this temperature may not be equivalent to the temperature of either the atoms or the ions in the plasma. particularly in some laboratory plasmas (ref. 4 ). The range of electron densities in plasmas varies from below 10 4 to above 10 17 electrons/cc. Electron temperatures. typically expressed as energies. range from 0.01 to over 100 000 eVe Such a wide variety in these basic parameters implies a wide diversity of plasma characteristics. Fo~ the purpose of characterizing plasma behavior the collisional-radiative model covers virtually all known plasmas. There exist special cases for which simplifications in the required calculations can be made. Two of these special cases are the corona and the local thermodynamic equilibrium models.
Additionally. the optical thickness of a plasma must be considered. An optically thin plasma is easier to treat for both the collisional-radiative and the corona models. Both of these models are based on the assumption that the plasma 1s opt1cally th1n, part1cularly with respect to its resonance 11nes. Where this assumption 1s not valid, corrections must be added to account for the plasma's absorption (ref. 5 ).
The Local Theromodynam1c Equ111br1um Model
The simplest of the models from a calculational point of view 1s the local thermodynamic equil1br1um (LTE) model. The LTE model assumes that collisional processes are dominant in the plasma and that the particle collision rates are high enough so that the system can instantaneously adjust to any change 1n plasma conditions. A system 1n local thermodynam1c equ111br1um is governed by the same mathemat1cal express10ns as systems which are 1n total thermodynamic equil1br1um although, an LTE system does not meet all of the cr1ter1a required of a system 1n total thermodynamic equ111brium. In an LTE system, population dens1t1es need not be equal at different points 1n the plasma. The plasma also need not have a single overall temperature. At any point in the plasma, a local temperature is meaningful and the density and chemical composition of the plasma at this point, in conjunct10n with this temperature, can be used to define the populat10n of the various energy levels in that region by means of a thermodynamic equilibrium approx1mat10n.
If collisional processes are to dominate radiative ones 1n a plasma, sufficient number density must be present so that frequent collisional excitation and decay can occur. If an optically thin plasma is assumed, then radiative excitation can be ignored. The criteria for the existence of local thermodynamic equilibrium would then be that the collisional decay rate must'be significantly greater than the radiative decay rate.
A wide variety of possible colliding species exist in an ion thruster plasma. It should be noted that most of the species are present to a much smaller extent than the two major components of the plasma, propellant atoms and electrons. These two species are present in concentrat10ns which are usually within an order of magnitude of each other and which exceed by at least two orders of magnitude the populations of any of the other species. Electrons are much more efficient 1n producing excitation and decay than are atoms, for reasons to be discussed in a later section. Therefore, it is reasonable to assume that collisional effects on excitation and decay are solely governed by collisions between plasma electrons and plasma atoms. It is for this reason that electron density and energy are important plasma parameters.
Sputtered molybdenum atoms in low-lying excited states, are also of importance in the determination of both the rate of collisional decay and in the rate of radiative decay; both rates are proportional to the population densities of the excited molybdenum atoms. The collisional decay rate is the product of the electron density of the plasma, the density of molybdenum atoms in the excited state being considered and a collisional deexcitation rate constant, yielding a transition rate per unit time and unit volume. The corresponding radiative decay rate is the product of the density of the excited state of the molybdenum atom and its Einstein transition probability. A criterion often used to determine the validity of the LTE assumption is that, for LTE to 3 exist, the collisional decay rate must exceed the radiative decay rate by at least a factor of 10: or, equivalent to this, ' (1 ) where ne is the electron density in electrons/cc, nj . is the density of the j (upper) state of the molybdenum atom, in atoms/cc, RCD is the collisional deexcitation rate constant, in transitions s-l electron-1 atom-1 , and Aji is the Einstein transition probability, in transitions atom-1 s-l (often expressed as s-l). The sum of these transition probabilities below state j represents the radiative decay of state j to all lower states. When nonresonance transitions are ignored, this summation reduces to a single transition probability Aji' where the state i is taken to be the ground state of the atom. KCD represents the rate of collisional decay and KRD represents the rate of radiative decay, both in units of transition/so When the above inequality is satisfied, a local thermodynamic equilibrium approach is j usti fi ed.
It can be seen from equation (1) , that plasmas with very high electron densities are more likely to be in local thermodynamic equilibrium than low electron density plasmas (ref. 5).
The Corona Model
Another important model of plasma behavior is the corona model. This model was proposed to explain some of the features of the solar corona; it is equally applicable to 10w-density laboratory plasmas.
The corona model is based on the fact that, in a low-density plasma, radiative decay will predominate collisional decay. This occurs because a low-density plasma cannot support a rate of collision high enough to compete with radiative decay. The assumption of optical transparency can usually be made for the corona model. The criterion for coronal equilibrium is therefore that the collisional exc1tation rate must balance the radiative decay rate. Equation (2) states this mathematically: or, equivalently,
where n1 is the density of the molybdenum atom lower state in atom/s, RCE is the collisional excitation rate constant, in transitions s-l eiectron-1 atom-l , and KCf represents the rate of collisional excitation. Other terms' are as defined in equation (1) .
The assumptions of the coronal model break down as the density of a plasma goes up. When collisional decay becomes significant the balance between collisional excitation and radiative decay is lost. A criterion similar to that given to evaluate local thermodynamic equilibrium can be developed for the coronal model. When the collisional decay rate exceeds 10 percent of the radiative decay rate, the corona model becomes inappropriate. or, equivalently,
When the above inequality is satisfied, a corona equilibrium approximation is justified. Corona equilibrium is favored by low electron densities (ref. 24 ). As will be shown later, over the range of electron temperatures and densities of an ion thruster considered, radiative decay always exceeds collisional decay. This implies that the corona model may also be appropriate for an ion thruster.
The Collisional-Radiative Model
For those situations where neither the local thermodynamic equilibrium model or the corona model are appropriate, the collisional-radiative model can be used. This model accounts for the effects of both collisional and radiative decay on the upper levels of the system. To some degree, it bridges the gap between the LTE model, where collisional decay dominates the decay process and the corona model, where radiative decay is predominant from all excited states. The collisional-radiative model is appropriate for those plasmas which have an intermediate electron density, such that neither radiative decay, nor collisional decay can be neglected (ref. 5) . This method will be applied herein.
Optical Thickness, Absorptivity
It was stated earlier that the opacity of a plasma to its various spectral lines could complicate the implementation of a plasma model. In particular, radiation trapping in the corona and collisional-radiative models can increase the calculational overhead considerably. Some method is needed to quantitatively evaluate the optical thickness of an ion thruster plasma at any given frequency or wavelength of radiation. A commonly used approximation is the method described by Gr1em (ref. 6) . This method makes several assumptions about broadening mechanisms in plasmas as well as values for "typical" oscillator strengths in plasmas, which are not appropriate to the ion thruster system. An alternate method of evaluating optical thickness, detailed by Alkemade (ref. 7) and without the limiting assumptions of Gr1em will be discussed. 5 For a uniform plasma, a quantity called the absorptivity can be defined as (4 ) where L(vo) is the absorptivity of the line at line center, in cm-l , n1 is the number density of the lower state of the atom in atoms/cc, f1j is the absorption oscillator strength for the transition under consideration and ~veff is the Doppler width at half-intensity in centimeter (ref. 7) . Besides allowing pertinent oscillator strengths to be used, this approach perm1ts a ch01ce of methods to estimate the spectral 11ne broaden1ng parameter, ~veff. In the case of the ion thruster, Doppler broadening will be present, but in a nonstandard form. Normal Doppler broadening can be est1mated using
where &vD is the normal Doppler spectral halfw1dth in s-l, k 1s the Boltzmann constant, T is the atom temperature in K, m is the mass of the species of interest, in g, Vo is the frequency at the line center in s-l and c is the speed of light in cm/sec (ref. 8) .
Normally, the result from equation (Sa) would be used in equation (4) to calculate absorptivity. However, Doppler broadening 1s expected to be atypical for molybdenum atoms 1n an 10n thruster (ref. 
( 5b)
To evaluate optical thickness using absorpt1v1ty, the absorptivity is multiplied by ~,the path length of the plasma along the optical axis. If this quantity 1s s1gn1f1cantly below one, the plasma can be considered optically thin. The recommended upper 11m1t for L(vo) ~ is between 0.1 and 0.2. This allows for the error present in the values used for these calculations (ref. 9) . Typical values for ~ in the ion thruster are on the order of 10.0 cm. The data in table I show~ that, for molybdenum kinetic energies above 1.0 eV, the plasma is transparent to the radiation of the ten transitions dealt with by this model. Evidence w1l1 be presented later showing that molybdenum energies will exceed this 1.0 eV limit and therefore, the plasma can be considered optically thin.
FORMULATION OF KINETIC STEADY-STATE (KSS) MODEL
The goal of this work 1s to relate measured 1ntens1t1es of molybdenum spectral lines, to the rate of sputter damage to the molybdenum screen grid of the ion thruster. It is desirable to keep the model as simple as possible, to av01d the need for large amounts of computer calculations. It is also important to keep the model as general as possible, to allow it to be adapted easily for use on other types of electron bombardment ion thrusters, with different propellants, such as xenon, or with different magnetic field configurations.
The model assumes that the molybdenum ionization rate is so small that it can be neglected. A number of molybdenum atom transitions have been seen in the spectrum obtained from a typical 3D-cm thruster. The inclusion of all these transitions is not necessary if the ground state of the molybdenum atom predominates. If more than 90 percent of the molybdenum atoms are in the ground state, the use of a subset of the observed molybdenum transitions should be quite satisfactory.
The model considers the molybdenum ground state and ten low-lying excited states, which are known to have resonance transitions in flames (ref. 11). Only resonance transitions are considered herein. This is done for a number of reasons. The resonance transitions should be significantly more intense than the non resonance transitions in a relatively low temperature plasma because of the much lower population densities of the excited states, which are the lower states in all non resonance transitions. Spectroscopic data, such as oscillator strengths and Einstein transition probabilities, for molybdenum atom non resonance transitions tend to be either of poor quality or unknown (ref. 12 ). In addition, most of the nonresonance transitions in the eleven state system under consideration will be in the IR region, where accurate intensity measurements are very difficult. For these reasons, nonresonance transitions were omitted from the model.
Two major steps are required to achieve the goal of relating the observed intensity of molybdenum atom transitions to the screen grid sputtering rate. The first step is to relate the spectral intensities of the various transitions of the molybdenum atom to the population densities of the various states of the atom. The second step is to relate this population density data .to the screen grid sputter rate.
Steady-State Theory
The task of calculating the population densities of the various energy levels of a species is relatively easy for systems which are in thermodynamic equilibrium or which satisfy the criteria for local thermodynamic equilibrium. Such a solution relies on the fact that the level populations of a system in or near complete thermodynamic equilibrium behave in a statistically predictable manner, depending only on the temperature of the system, the statistical weights of the levels and the energy differences between these levels. All the particles in a system which are in complete thermodynamic equilibrium share a common temperature, that is, each of the species in the system has a Boltzmann distribution of particle energies which corresponds to one common temperature (ref. 13 ). Systems which are in local thermodynamic equilibrium share a common temperature in a given region of the plasma; a different region of the plasma may have a different characteristic temperature, but all the particles in that region share that same temperature (ref. 5) . Systems which are not near thermodynamic equilibrium are more complicated to treat since they do not behave in the normal statistically predictable manner. For these systems, individual rates for each of the processes occurring in the plasma must be considered (ref. 14) . Such rates have not, in general, been measured for most species; usually empirical or semiempirica1 data is used to estimate the rates of these processes.
A system such as the ion thruster plasma, governed by a number ·of processes, should eventually reach a point where the rates of all processes which populate any given level will be balanced by the rates of all processes which depopulate that level. When such a situation occurs, the population of each level is in a steady state condition. As long as no parameter important to any of the processes changes, the population of each level will remain constant. The steady-state approximation allows a system of rate equations to be established. When this system is solved, values for the level populations are generated and in theory, the first major step toward the stated goal of this work is achieved (ref. 15 ).
Excitation-Decay Rate Constants
A number of simplifying assumptions were made previously about the nature of an ion thruster plasma. One of these assumptions is that, since molybdenum ion lines have not been observed in ion thruster spectra, ionization can be considered negligible. In such a case, pnly atomic excitation and deexc1ta-t10n processes need to be considered. This eliminates from consideration the large numbers of interactions in which ions can be involved in a plasma dis charge (ref. 16 ). This leaves two predominant modes of excitation and decay. Radiative excitation occurs when a photon is absorbed by an atom of one electronic energy state, yielding an atom at a higher energy state. This process can occur in plasmas and flames with a very high spectral radiation density, such as those which are optically dense or which are illuminated by an external light source. Photons which are absorbed by an atom must be very close in energy to the energy required for one of the electron transitions in the atom. A plasma in which photon absorption is occurring will often be optically transparent over most of its spectrum, but in the vicinity of some of its resonance lines, it can be optically thick (ref. 17) . Any assumptions of optical transparency should be checked using the methods detailed previously. Results from table I show that the ion thruster plasma is optically transparent to all the molybdenum lines used in this study. It should be noted that the plasma will appear optically thick to the mercury resonance line listed in table I; Since mercury atom intensities do not enter into the model, this result does not cause a problem. This value for mercury was included in the table only for comparison. Since the molybdenum atom resonance lines under consideration satisfy the criteria for determining optical transparency by a sufficient margin, radiative excitation should be negligible.
In light of the previous argument against radiative excitation, collisional excitation would appear to be the only excitation mechanism of importance in the main discharge plasma. The various species with which a molybdenum atom may collide were briefly considered previously. Such a collision might involve atoms, ions or electrons. The atomic species present in the thruster are mercury, molybdenum and contaminant atoms. Mercury ions will also be present, at a density roughly one to two orders of magnitude less than mercury atoms (ref. l8). Most of these ions will be singly ionized, with a small, but significant number of them being doubly ionized. There may be also trace amounts of molybdenum and contaminant ions in the plasma; such species should be present in negligible amounts, compared to mercury ions. Electrons are also present in the discharge; they should be present in the plasma in numbers roughly equivalent to the population density of mercury ions in the plasma (ref. 21) . A list of these species, in descending order of their expected population density is given here:
Hg atoms, electrons> Hg ions> Mo atoms> contaminant atoms> Mo and contaminant ions.
It is unlikely that any species less common that mercury ions will cause significant collisional excitation. The molybdenum atom number density is expected to be between three and five orders of magnitude less than mercury atoms (ref. 19 ). In general, atom-atom and atom-ion collisions are not very effective in exciting electronic transitions. Atomic excitation by collision is best thought of in terms of a collision with one of its bound electrons. Energy transfer between particles of such widely differing masses is very inefficient. Transfer of the proper quantity of energy is very unlikely (ref. 20) .
As any molybdenum atom which does not collide with a mercury atom (ignoring the other far less populous atoms and ions) will collide with a thruster surface and stick, it appears that not only will atom-atom (or atom-ion) collisions not be very productive in producing excitation, they will also not be particularly common.
.
Similar reasoning can be applied to electron-atom collisions to show that these collisions should be efficient in producing excitation. A collision of a free electron with a bound electron can result in the transfer of a large fraction of the energy of the free electron to the bound electron (ref. 21) . lhe Maxwellian popu1at~on of electrons have an energy on the order of several electron volts. Since the energy differences between the levels being considered in this model are also several electron volts, there will be a relatively large number of electrons of the proper energy available to excite such transitions. Electron-atom collisions are therefore, considered to be the only important source of excitation of molybdenum atoms in the plasma. The radiative decay rate is dependent only on the Einstein transition probability, Aji, and the population of the upper state of the atom (ref. 15 ).
Collisional decay is the inverse process of collisional excitation. The same reasons which were used to justify the exclusive importance of electronatom collisional excitation apply to collisional decay. Efficient energy transfer and relatively high electron densities make electrons the only collision partners capable of causing significant decay of excited states. Collisional decay might be expected to playa lesser role than radiational decay in many situations; the low number density of the excited states gives the electrons less opportunity to exchange energy in collisions. This is espe-cla1ly true if the electron density of the plasma is relatively low.
Since actual data has not been published for molybdenum atom excitation rate constants, semiempirical equations were used to estimate the values of these constants. These equations are 9 (1) col11s10nal exc1tat10n f <G > RCE • 1.58x10- (6) where RCE 1s the col11s10nal exc1tat10n rate constant, f1j 1s the osc1llator strength for absorpt10n, a un1tless term, <Gkt> 1s the thermally averaged Gaunt factor, a un1tless term x 1s the trans1t10n energy 1n electronvolts, Te 1s the electron temperature, also 1n electronvolts and ne 1s the electron dens1ty, 1n electrons/cm 3 (ref. 15 ).
(2) col11sional decay (1) where RCO is the rate constant for col11sional decay, 91 1s the stat1stical weight of the lower electronic state and gj 1s the stat1stical weight of the upper electronic state (ref. 15 ).
(3) rad1ative decay (8) where RRO is the rate constant for radiat1ve decay and Aji 1s the E1nstein transition probabi11ty (ref. 15 ). lhese rate constants permit a steady-state model to be formulated, allowing an estimate of the'populations of the eleven states 1ncluded in this model.
The Kinet1c Steady-State (KSS) Model
Although eleven states of the molybdenum atom are used 1n estimat1ng the molybdenum atom populat10n in the plasma, a four level, atomic system w1ll be used to simplify the presentation of equat10ns in th1s sect10n. F1gure 1 shows th1s arb1trary system, composed of a ground state and three 10w-ly1ng excited states. The states have been numbered so that state 1 corresponds to the ground state and state 4 corresponds to the highest exc1ted state considered. All of the follow1ng equat10ns can be eas1ly extended to eleven or more levels.
The steady-state assumpt10n requ1res that after a suff1cient time, the rates of change of the populat10ns of all levels of a system w1ll balance, so that no net changes will occur, 1n the absence of a perturbat10n which affects the rate of one of the 1mportant processes. Th1s can be stated mathematically for the simplified system as 10 -R11 TIl + R12T12 + R13 T1 3 + R14 T1 4 = 0 R21 TIl -R22T12 + R23 T1 3 + R24T14 = 0 (9) R31 Tl l + R32Tl2 -R33 T1 3 + R34T14 = 0
where R1j 1s the overall rate constant for populat1ng state 1 from state j. When 1 equals j, the rate constant 1s a depopulat10n rate constant; when 1 1s not equal to j, the rate constant 1s a populat10n rate constant. Note that the subscr1pt order convent10n for the rate constants and rates is the oppos1te of the convent10n used for spectroscop1c terms, such as f1j and Aii. Th1s allows the standard mathemat1calconvent10n of row, column subscrlpts for matr1ces to be preserved. Only the rates and rate constants share this convention. The Tlj 1n th1s equat10n 1s the population number density for state j. These are the quantities to be solved for by this model. Each equation balances the rate of population of a level i (rR1jTlj) with the rate of depopulat10n of that level (-RijTlj); the sum of these two terms must, under steady-state conditions, equal zero (ref. 15) .
A specif1c example of the calculat10n of the overall rate constants for both population and depopulat10n can be 1nstruct1ve. The subscripts used for the partial rate constants are in the form "process, transition". As an example, RCE,21 is the partial rate constant for the process for collisional excitat10n for the transit10n wh1ch populates level 2 from level 1. Here are three examples of the calculations of populat10n/depopulat10n rate constants. 
The overall depopulat10n rate constant for level 2 (eq. (10c» warrants an explanation. The depopulation rate constant for level 2 1s equal to the sum of all the overall rate constants, by which level 2 populates all other levels; the first equation represents this equality. The second equation expresses the overall depopulation rate constant in terms of partial rate constants. Since R12 1s a downward transition; the first two partial ~ate constants express the effects of both collisional and radiative decay on that transition. R32 and R42 are upward transitions, the overall rate constant for each of these transitions is equal to the partial rate constant for collisional excitation for that process. Each overall rate constant is created in this way to form the rate constants in equation set (9) . Equation set (9) can be rewritten in matrix form.
This matrix equation is composed of a rate constant matrix, the population vector and a zero vector. The use of standard methods to solve this equation typically yields a result of zero for all the members of the population vector. This trivial solution occurs due to the zero vector. Perturbing one of the elements of the zero vector slightly yields nonzero results for the members of the population vector. Unfortunately, these values are dependent on the value used to perturb the zero vector. If the value used for the perturbation is small compared to the actual population/depopulation rates occurring in the plasma, the results obtained for the I1j values will be correct in a relative sense. It is conventional to normalize these relative population values (the I1j vector) so that they sum to one.
Atomic theory predicts that an absolute population density of an upper electronic level can be predicted using the absolute intensity of a transition involving that upper state (12 ) where nj is the absolute population of the upper state j in atom/cm 3 , Iji is the absolute intensity for the transition j ~ i in W cm-2 ster-1 , hvo ;s the energy of the transition in ergs, ~ is the path length over which emission occurs, in cm, and Aji is the Einstein transition probability in transition atom-1 s-l (ref. 39) . A single transition between any two of the eleven states considered in this model allows the relative population values to be converted into absolute population values using equation (12) . A I1j value is generated for the observed transition j ~ i. The ratio between an absolute population density, I1j' and a desired absolute population density, nk, is equal to the corresponding ratio between their relative population densities, (13) therefore,
If the desired nk value is the total molybdenum atom population d~nsity. . nT. equation (14) becomes 12 (15 ) s'nce nk = nT = 1, 'f the relat've popu1at'on dens1t1es have been normalized to one.
It would be advantageous to use several absolute intensity values, allowing several pred1ct1ons of the convers10n factor needed to change nk to nk. General agreement of the result1ng convers10n factors 1nd1cates the model ;s correctly pred1ct1ng the behavior of the physical system.
Tables II (a) to (j) present the calculated nj values from program KSS. Each table conta1ns the data for one value of electron temperature and several values of electron dens1ty. The data are presented 1n an exponential format for each of the terms, 7.15e-7 stands for 7.l5x10-7 . Since these are relative populat10n values, they are d1mens10nless. As can be seen from these tables, the percentage of atoms 1n the ground state never falls below 99.8 percent for any combination of electron temperature and density; this value lies well above the limit of 90 percent mentioned previously. The use of eleven levels should thus adequately model the spectral behavior of molybdenum in the ion thruster plasma.
For electron temperatures and densities which are within the bounds of these tables, but are not expl1c1tly tabulated, linear 1nterpolat10n can be used to find an approx1mate value for nj.
APPLICATION OF KSS MODEL TO EVALUATION OF SCREEN GRID LIFETIME
As has been stated, the goal of this study is to find a method of corre-lat1ng real-t1me spectroscopic data from 10n thruster emiss10n to the sputtering (11fetime) of its screen grid. The formulated KSS model has prov1ded a means of calculating ~j, the fraction of excited atoms of sputtered molybdenum as a funct10n of electron temperature and dens'ty. In this sect'on, ni will be related to the sputter1ng rate of the target as a function of the 10n thruster operat1ng parameters. Before the theory can be compared to measured emission 1ntensity data from an ion thruster, the sputtering rate of the screen grid has to be determ1ned by calculated or measured sputtering y1elds as well as the plasma propert1es of the 8-and 30-cm thruster discharge chamber def1ned as a function of the thruster operating parameters. In add1t10n, th's discussion should also lead to a better understanding of the problems assoc1ated in evaluating thruster lifetime in general. .
Sputter1ng Rate Calculations
The sputtering of the upstream side of the ion thruster has been deter~ m'ned to be one of the main life-limiting phenomena of ion thrusters (refs. 72 to 24) . The sputtering rate of an 10n thruster screen gr1d bombarded by ions can be calculated from equation (18) 
lhese express10ns are ~ot very sens1t1ve to the operat'ng parameters and. therefore, the assumptions will be made for the 8-cm thruster that the 10n energy 1s equal to the d1scharge voltage and the gr1d transparency 1s equal to the phys1cal open area of the screen gr1d.
The sputtering rate R can be also related to the sputtered atom total dens1ty. nT. by: By comb1n1ng equations (12) . (15) . and (23) the sputter1ng rate can be f1nally related to the em1ss10n intens,ty of a particular trans1t10n as:
14 The re1at1ve sputter1ng rates at two thruster operat1ng p01nts thus becomes: (23) VMo 1n equat10n (21) represents the sputtered molybdenum atom ve1oc1ty term. Th1s term 1s expressed as an energy because that 1s a customary method of report1ng th1s value 1n the 11terature. F1nd1ng su1table absolute values for th1s term 1s not a tr1v1al matter. Var10us researchers (refs. 26 to 32) have determ1ned that th1s parameter ranges from a few to several tens of elec-tronvo1ts for most target-10n comb1nat10ns at the relatively low 1mpact ener-g1es character1st1c of 10n thrusters. A value for the most probable eject10n energy of the sputtered target mater1a1 can be der1ved from co111s10n cascade theory (ref. 32 ). Th1s value, 1ndependent of 1nc1dent 10n energy, 1s roughly one-half the surface b1nd1ng energy of the target mater1al (ref. 28 ). S1nce the surface b1nd1ng energy of molybdenum 1s 6.82 eV (ref. 33) , the most probable energy for sputtered molybdenum atoms would be 3.4 eVe The energy d1str1-but10n of sputtered metal atoms tends to obey the fol10w1ng re1at10nsh1p
where p(E) 1s the d1fferent1al flux of sputtered part1cles w1th an energy of t, and U 1s the surface b1nd1ng energy of the metal, in cons1stent un1ts of energy. Th1s d1str1but10n has a pronounced h1gh energy ta11; the averQge energy of sputtered atoms should therefore, be s1gn1f1cantly h1gher than the most probable energy.
The sputtered atom veloc1ty, VMo, has been assumed to be 1ndependent of 1nc1dent 10n energy. Should d1rect measurements of th1s parameter be reported 1n -lHerature, they can be easny 1ncorporated 1n the model.
To evaluate the spectroscop1c model formulated 1n th1s study only rela-t1ve sputter1ng rates are necessary. Therefore, for the same thruster conf1g-urat10n, us1ng equat10n (18) , the relat1ve sputter1ng rates become: (25) where Cons1derable amount of sputter1ng data has been accumulated over the years (refs. 34 and 35) . However, re11ab1e data, espec1ally at 10n energ1es near the sputter1ng threshold (reg10n of operat10n of an 10n thruster) 1s st1ll rather scarce. Var10us models have been formulated for the sputter y1elds and Sena with equat10n (27) . As suggested by Bohdansky, the Sn(E) term was assumed to be energy independent in the ion energy range of 1nterest. From figure 2, 1t is apparent that the best agreement with the measured data is obtained by equation (27) with K = 2.61x10-8 and Eth = 16.0 V. This implies that Bohdansky's model and Askerov and Sena's data are not in complete agreement. Optical spectroscopy data from ion thrusters have indicated that sputtering threshold energies are considerably lower than the 32 V used in equation (26) .
For these reasons, equation 27 represented the best available method for determining the sputtering yield in this study, even though theoretically it does not seem to have much justification. The sputter yield of double charged ions was assumed to be:
The accuracy of equations (18) and (27) 
Ion Thruster Plasma Parameters
The comparison of the spectroscopic model to measured intensity data requ1res the def1n1t1on of the electron temperature and density as well as the doubly to singly charged ion current density ratio in calcu1at1ng the sputter-1ng rate as def1ned in the previous section. Analytical models have been developed to calculate these parameters (refs. 44 and 45), however, these calculations are rather complex. In this study, the plasma parameters were determined from either sem1emp1r1ca1 equations or strictly empirical expressions obtained from a limited amount of probe data available in the literature. Data was characterized as either 8-(refs. 46 to 48) or 30-cm·(refs. 1 and 49 to 53) mercury ion thruster data. Possible differences between thrusters of the same s1ze as gr1d and baffle conf1gurat10ns or other geometrical variations were ignored in applying the probe data in the literature to the study d1scussed herein.
Electron temperature and dens1ty. -It has been recognized that in an ion thruster more than one electron density distribution 1s possible. Electrons may exh1b1t what is referred to as pr1mary electron d1str1but10n in wh1ch the . electrons have energ1es that of the plasma potent1a1 or 1t is possible for the electrons to have undergone suff1c1ent therma11zat10n collisions result1ng in a Maxwellian d1str1but1on. Most recent probe data (ref. 1) 1nd1cates that Maxwellian electron d1str1but1ons dominate in both thruster sizes, therefore, only the Maxwel11an electron distribution will be cons1dered.
The Maxwe111an temperature TM 1s related to the 10n1zat10n rate factor 06 defined as: where e is the electronic charge, me is the electron mass, ~T(E) is the 10n1zat1on col11s10n cross section and E is the electron energy.
Instead of solving equation 28, the following, much simpler equations, as obtained from available probe data, will be used for the respective thruster sizes:
The Maxwellian electron number density can be derived for an 10n thruster as:
Where JB 1s the 10n beam current, VB 1s the 10n Boehm veloc1ty, Ag 1s the area of the gr1ds and ~s 1s the transparency of the gr1ds.
The follow1ng equat10ns, of the form of equat10n 30, were obtained for the Maxwellian electron number density from ava11able data for the 8-and 30-cm ion thrusters: It should also be noted that severe plasma 1nstab111t1es were observed by reference 47 1n measuring the probe data of the 8-cm thruster between d1scharge voltages of 30 to 40 V at d1scharge currents of greater than 1.0 A. The quoted expressions, therefore, for the electron temperature and density may not be that accurate over the whole operating range of the a-cm ion thruster.
Doubly to s1ngle charged 10n current density ratio. -The doubly to singly charged 10n current dens1ty rat10, J++/J+, can be calculated from the ratio of the respective number dens1t1es: (32) where Q:+ 1s the doubly charged ionization rate coefficient, V~+ and V;+ are the reduced ion and Boehm velocity of doubly charged ions, AW is the effect1ve area for 10n loss at the wall, Ab 1s the beam area, F++ 1s.the un1-form1ty factor for the dens1ty grad1ent and Q 1s the 10n-product10n volume.
Aga1n, for s1mp11c1ty, the rat10 was obta1ned from ava11able probe data 1n the 11terature:
where nu 1s the propellant mass ut111zat10n 1n percent. It 1s noted that the rat10 was found not to correlate w1th the same parameter 1n both thrusters.
Tr1ply charged 10ns have been observed 1n 30-cm thruster above d1scharge voltages of 32.5 V (ref. 53) . Center11ne measurements 1nd1cated ratios of only about 10 percent at a discharge voltage of 50 V. This effect, however, was neglected.
EXPERIMENTAL APPARATUS
Two convent10nal 8-and 30-cm thrusters were used for the optical spectrometer emission measurements. The 30-cm thruster was equivalent to a "900" series EMT thruster described in reference 54. The 8-cm thruster was slightly modified from its base11ne design to be able to operate at higher power levels. The descr1ption of this thruster in more detail is found in reference 55. ,The 30-cm thruster was operated in the 7.6-m diameter by 21.4-m long vacuum facility at NASAls Lewis Research Center. Its no load pressure was about 1.OxlO-7 torr. The 8-cm thruster was operated 1n the 1.5 by 6.1 m vacuum tank, capable of about 5.0xlO-7 torr pressure at no load cond1t10ns.
A Jarrel-Ash, Model 82-000 ser1es 0.5 m Ebert scanning em1ssion spectrometer with an electric drive was used with a strip chart recorder to monitor the spectral line intensit1es emanating from the ion thruster. The spectrometer was located at the opposite end of the fac11ity in which the thruster was operated. The quartz w1ndow through which the spectrometer viewed the thruster was in a direct path of the beam current inside the facility. This configuration proved to be the most successful in ensuring that the quartz window remained clean from sputter deposition and facility oil residue. A slit on the spectrometer, usually set about 75 microns, viewed the entire diameter of the thruster (about 5 percent of the beam area). The results of measurements obtained with the 30-cm thruster in studying the effect of background pressure on the sputter1ng rate of thruster components can be found in references 43 and 1. Whereas, var10us l1nes of mercury and molybdenum were observed, only the Mol 3789 A line intensities will be discussed herein.
RESULTS ANO DISCUSSION

Compar1son Between Model and Measured Intens1ty
The relat1ve 1ntens1ty rat10 at two thruster operat1ng p01nts from equa-t10n 25 becomes: 11 1= 2 (34) where R can be thought of as the total number of sputtered atoms (assum1ng constant sputtered 10n veloc1ty) and nj as the fract10n of exc1ted sputtered atoms.
The s1mplest cond1t10n to evaluate 1n an operat1ng thruster 1s when 10n energy 1s var1ed w1thout affect1ng the plasma parameters, namely chang1ng R w1thout chang1ng nj. Th1s cond1t10n approx1mates Wehner's exper1mental study of sputter1ng at low 10n energ1es w1th an opt1cal em1ss10n spectometer. In an 10n thruster, th1s cond1t10n can only be ach1eved by electr1cally 1nsu-lat1ng the screen gr1d from the d1scharge chamber and then apply1ng a negat1ve b1as to the screen grid w1th respect to the d1scharge chamber. The 10n energy, 1n th1s case, was calculated by mod1fy1ng equat10n (19) as:
The compar1son of the measured relat1ve 1ntens1ty of the Mol 3798 A l1ne and the calculated sputter1ng rate rat10 w1th an app11ed b1as to the 3D-cm thruster screen gr1d 1s seen 1n f1gure 3. The d1rect sputter1ng rate measurements of Askerov and Sena and sputter y1elds as determined by equat10n (27) were used to calculate the two norma11zed intens1t1es. It 1s apparent that excellent agreement 1s ach1eved w1th the absolute sputtering yields and sat1sfactory agreement is obtained w1th equation (27) . The d1screpancy may partly be due to an overestimat10n of the sputter yield by equat10n (27) at ion energies of greater than 80 V as seen 1n f1gure 2. The comparison, of course, 1s based on the assumption that changes 1n the measured 1ntensity are the direct result of changes of the sputtering of the screen gr1d only. As later w1l1 be demonstrated, sputtered molybdenum intens1ty can change by other mechan1sms. The relatively good agreement between the calculated and measured intens1ties validates the use of equat10n (27) for the sputter yield as well as justifying the assumption of constant sputtered ion velocity with 10n energy d1scussed previously.
Once the discharge cond1tions are changed, the physical cond1t10ns inside the plasma are changed and the situat10n becomes much more comp11cated as compared to the s1mple case just discussed. The relative population levels of the exc1ted sputtered atoms nj must be cons1dered.
The analyt1cal model formulated for nj appears 1n the first part of the paper and 11sted 1n table I. Values of nj were obta1ned for the selected trans1t10n (1n th1s case the Mol 3798 A 11ne) by the proper ch01ce of electron .temperature and dens1ty for a particular thruster operating point. The plasma parameters were determ1ned by equations (29) , (31) , and (33) at the given thruster operating parameter.
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It should be p01nted out that the plasma parameters from the thruster center11ne were ut1l1zed, whereas, the spectrometer observed the entire diameter of the thruster. However, compar1son of 1ntensit1es measured at the center of the thruster with those measured across the ent1re diameter indicate that this discrepancy should not be of any significance (ref. 1). Figure 4 shows the comparison of the measured and calculated relat1ve 1ntensity of the Mol 3798 A l1ne as a fUnction of discharge voltage of the 30--cm thruster. The lncreased lntenslty wlth discharge voltage ls assoc1ated mainly wlth the 1ncreaslng sputterlng rate with 10n energy. The fraction of excited sputtered atoms, nj, remains relatively constant with discharge voltage. The agreement between the model and the measured intensities is good considering the many assumptlons made ln the model for calculatlng nj, and the slmp11flcatlon and extrapo1atlon of the plasma parameters by equations (29) , (31) , and (33) . The lower than expected intenslty measurements at the low 10n energy range may be partly due to the attenuatlng effects on sputterlng due to background gases of the vacuum faclllty.
Flgure 5 shows the re1atlve Mol lntenslty as a functlon of beam current. In thls case, the lncrease ln lntenslty wlth lncreaslng beam currenl is assoclated wlth both lncreased sputterlng rate (proportlonal to the beam current) and the lncrease ln the fractlon of excited spuLtered atoms, nj. The lncrease ln nj wlth increaslng beam current ls due to an almost llnear increase of electron denslty wlth beam current. The electron temperature was assumed to be constant. Agaln, part of the dlscrepancy at the low beam current range may be due to the effects of background gases on the sputtering rate as mentilJlled before. The assumptlon of constant electron temperature may also not be· strictly valid.
The baseline 8-cm thruster has only one propellant inlet as compared Lo two of the 30-cm thruster. This restrlctlon of the smaller thruster does not always allow lndependent thruster parameter varlatlon as ls posslble with the larger thruster. The beam current 1n the 8-cm thruster ls increased by lncreasing the propellant flow rate through the cathode allowing the dlscharge voltage to reach its desired value. F1gure 6 shows the relative 1ntenslty of an 8-cm thruster as a function of dlscharge voltage. The value of the beam current increased from 106.3 mA at at discharge voltage of 30 V to 211 mA at 25.4 V as lnd1cated at each data point. The sputtered molybdenum intensity is expected to decrease with decreasing d1scharge voltage, but the decrease is moderated by increasing beam current and assoclated increase in nj. As mentioned before, the probe data of the 8-cm thruster between 30 and 40 V of dlscharge voltage was severely impacted by plasma instabilities, making an accurate determlnation of the plasma parameter difficult. The large discrepancy at the low discharge voltages was not, however, mainly due to the lack of accurate plasma parameters. It was surm1sed that the large increase of intensity at the low discharge voltage was malnly due to increased 10n lmpingement on the accelerator grid. It was noted that as the beam current increased, accelerator lmpingement current signlficant1y increased due to poor perveance or misalignment of the grlds. lhe evldence 1eadlng to this conclusion is the increasing accelerator current to beam current ratio as the intensity is observed to increase. (Mol intensity has been observed to increase suddenly when ion beams have been intentlona1ly defocused.) Figure 7 shows the re1atlve Mol lntenslty as a functlon of beam current with the discharge voltage constant (this is posslb1e only at low discharge 21 voltages for the 8-cm thruster). The agreement between theory and measured intensity appears to be very good in this case.
Optical Spectroscopy as a Technique for Determining Thruster Lifetime
It appears that the model developed to correlate spectroscopic emission intensity to the sputtering rate of a thruster component holds some promise as a technique for rapid determination of thruster lifetime. Satisfactory agreement was attained between measured emission intensity and calculated intensities of 8-and 30-cm Hg ion thrusters, despite less than perfect definition of plasma parameters and sputtering yields at very low ion energies. For the Hg ~ Mo system considered in this study, sputter yields have been measured with ion energies as low as 40 V. For other propellant -target combinations, this is not the case. For example, Xe ~ Mo sputtering yields are not available below 100 V. It was concluded before that theoretical models developed for sputtering yields at low energies still appear to be inadequate. Thus it is for such propellant-target combinations that the optical spectroscopy technique may offer the most promising possibilities. The requirements for such an application are improved definition of plasma parameters as a function thruster operating parameters. The population levels of excited Mol, nj' as a function of electron density and temperature, have been already determined in this study. The measurement of the excited Mol relative intensity, therefore, should result in an estimate of a xenon ion thruster lifetime by calculating the sputtering rate R by equation (34) . The relative intensity measurements taken below discharge voltages of 100 V can be converted to absolute sputtering rates by normalizing the measured intensity to the measured sputtering rates at 100 V and above.
CONCLUSIONS
An analytical model has been formulated to correlate the measured emission intensity of excited sputtered atoms in an ion thruster to the sputtering of thruster discharge components such as the screen grid. First, however, the thruster discharge plasma was characterized in regard to the classical spectroscopic parameters such as equilibrium conditions and optical depth of the plasma. It was established that the plasma is not in Local Thermal Equilibrium (LTE) and that the plasma is optically thin (no loss of radiation inside the plasma).
The model to calculate population densities of various transitions used a kinetic steady-state approach balancing the rates of population and depopulation of ten low-lying excited states of the sputtered Mol atom with those of the ground state. This was done to relate the spectral intensities of the various transitions of Mol to the population densities of the ten various states of the atom. Once this is done, the population density can be related to the sputtering rate of the target. Two modes of sputtered atom excitation and decay (radiative and collisional) were considered.
Since actual data has not been published of Mol excitation rate constants, semiempirical expressions were used. A computer was utilized to solve the 10 by 10 matrix of rate equations in obtaining the excited sputtered atom density as a function of electron temperature and density. 22 The calculated relative intensity of Mol 3798 A was compared to measured relative emission intensities of the same transition from 8-and 30-cm mercury ion thrusters using semiempirical equations for the electron density, temperature and sputtering yields of a Hg ~ Mo system. Excellent agreement between theory and data was found for the special situation in a thruster where the ion energy is varied without changing the plasma parameters. (This was accomplished by biasing the screen grid negatively with respect to the discharge chamber.) Satisfactory agreement between calculated intensities and relative measured intensities was obtained when intensities were measured as a function of beam current (at constant discharge voltage) and as a function of discharge voltage (at constant beam current), for the 30-cm thruster. Agreement between the theory and data was not, however, satisfactory for the intensity measurements of 8-cm thruster as a function of discharge voltage (with varying beam current). However, most of this discrepancy can be related to the emission created by ion impingement on the accelerator grid due to poor perveance or grid misalignment. Part of the discrepancy may be also due to insufficiently accurate definition of electron density and temperature in the 8-cm thruster. lhis was a result of instabilities experienced during probe measurements over a wide range of thruster operating parameters.
The technique formulated, however, appears to hold promise for rapid evaluation of thruster lifetimes, especially in configurations where sputtering yields at low ion energies are not available in the literature (e.g., inert gas ion thruster systems). 23 
APPENDIX A
Much of the data required for the KSS model involves properties of the screen grid material, molybdenum. The spectroscopic system under consideration for molybdenum is shown in figure A(l). Ten levels, representing lowlying excited states, are shown, along with the ground state of molybdenum. These levels form five sets of levels, the single 7S ground state level, a pair of 5p levels, two sets of 7p levels, each containing three levels and a pair of 70 levels. The two sets of 7p levels are prefixed with "y" and "z", representing the lower and upper set of 7p states, respectively.
Table A-l presents some important data for this system. The first column shows the term symbol for each of the eleven levels. The second column gives the wavelength for the resonance transition, the transition between this level and the ground state, in A. Column 3 presents the frequency of that transition, in s-l. In column 4 the statistical weight of the level is given; a dimensionless number.
Columns 5 and 6 of Table A-l show the energy values for the 10 transitions comprising this system, in both eV and ergs. Both of these units are useful for certain calculations; both are derived from the wavelength data and are included here for ease of reference.
Equations (6) and (7) of this report require the absorption oscillator strength, f1j' as part of their input data requirements, while equation (8) requires the related parameter, Aj1, the Einstein transition probability. Several sources tabulate oscillator strengths and transition probabilities (refs. 12, 43, 44, 
3903.0 7.6811 xl 0 14 Figure AI . -Grotrian diagram of molybdenum for the system under consideration, shCM'ing the ten resonance transitions for the ten excited states chosen for use in the model. Adapted from reference 11.
Abstract
A major life-limiting phenomenon of electric thrusters is the sputter erosion of discharge chamber components. Thrusters for space propulsion are required to operate for extended periods of time, usually in excess of 10 000 hr. Lengthy and very costly life-tests in high-vacuum facilities have been required in the past to determine the erosion rates of thruster components. It is, therefore, highly desirable to develop alternative methods for determining erosion rates which can be performed in relatively short periods of time at considerably lower costs. This paper presents an attempt to relate optical emission intensity from an ion bombarded surface (screen grid) to the sputtering rate of that surface. The model used a kinetic steady-state (KSS) approach, balancing the rates of population and depopulation of ten low-lying excited states of the sputtered molybdenum atom (Mol) with those of the ground state to relate the spectral intensities of the various transitions of the Mol to the population densities. Once this is accomplished, the population density can be related to the sputtering rate of the target. Radiative and collisional modes of excitation and decay were considered. Since actual data has not been published for Mol excitation rate and decay constants, semiempirica1 equations were used. The calculated sputtering rate and intensity was compared to the measured intensity and sputtering rates of the 8-and 30-cm ion thrusters. End of Document
